Objective: This study reports a new concept for quantitative analysis of velopharyngeal function using electromagnetic articulography and simultaneous transoral video endoscopy.
Objective data on the closure mechanism of velopharyngeal valving are essential for improvements in diagnosis and treatment of velopharyngeal insufficiencies (VPI). The velopharyngeal closure valve is a three-dimensional mechanism that involves the function of the velum and the pharyngeal walls. Knowledge of the spatial dimensions of the velopharyngeal sphincter and its movements is elementary to understanding the physiology of velar articulation and to optimizing surgical and functional rehabilitation of patients with VPI. Nasopharyngeal and oropharyngeal endoscopy are commonly accepted diagnostic tools for analyzing velopharyngeal function, as are combinations of video endoscopy with other methods. Skolnick et al. (1973) , Croft et al. (1981) , and Finkelstein et al. (1993) used video endoscopy combined with fluoroscopy, and Karnell et al. (1988) and Karnell and Seaver (1993) used video endoscopy in combination with a photodetection system. Video fluoroscopy and video endoscopy represent today's clinical standard (Hirschberg, 1986; Golding-Kushner et al., 1990; Finkelstein et al., 1993) in the examination of patients with velopharyngeal insufficiencies. In vivo examination of anatomical and morphological aspects of the velopharyngeal sphincter (VPS) activity can be performed using imaging techniques such as computer tomography (CT) (Honjo et al., 1984; Finkelstein et al., 1995) and magnetic resonance imaging (MRI) (Wein et al., 1995) . Unfortunately, neither MRI nor CT is able to acquire a volume image data set fast enough to capture the dynamically changing velopharyngeal port (Story et al., 1996) . Thus, commercially available imaging techniques can only be used to study static conditions. Another reason for the rejection of radiological methods is the radiation hazard that prohibits application on healthy subjects.
Different velopharyngeal closure patterns, first described by Skolnick et al. (1973) , depending on relative contributions of the velum and lateral and posterior pharyngeal walls for closure of the velopharyngeal port (VPP), have been established and widely used. Croft et al. (1981) considered the existence of more than four types of velopharyngeal closure patterns, including the circular, circular with Passavant's ridge, coronal, and sagittal patterns. A subdivision of the coronal pattern was presented by Engelke (1990) and Finkelstein et al. (1993) . But the description of velopharyngeal valving via the closure pattern may be misleading in detail due to the fact that partial contributions of the velum and the pharyngeal wall vary over time, depending on speech material and speech dynamics. Further categorization with closure patterns is problematic because of nonobjectivity due to individual (investigator-dependent) thresholds between the patterns. Therefore, quantification of the closure mechanism provides a better evaluation of the velopharyngeal physiology or pathophysiology.
Electromagnetic articulography (Schönle et al., 1983; Tuller et al., 1990; Perkell et al., 1992; Engelke et al., 1996b ) is a biologically tolerated and minimally invasive technique that is able to sample movement data at a rate of 500 Hz. With this high temporal resolution, it is possible to analyze velopharyngeal activity and especially the terminal phase of the sphincter mechanism during speech. Engelke and Hoch (1994) , who first described a simultaneous evaluation of articulatory movements under different dynamic conditions using video endoscopy and electromagnetic articulography (EMA), proposed the determination of a transverse sagittal quotient (TSQ) for description of the velopharyngeal (VP) port status as a function of time. For discrimination of physiological and pathological kinematic patterns of articulation, the examination of a sufficiently large group of healthy subjects is necessary. The purpose of the present study was to investigate the simultaneous use of video endoscopy and electromagnetic articulography in a group of healthy subjects to examine variations in closure patterns with time (Poppelreuter, 1997) . While previous techniques only permitted a subjective estimation of closure patterns, an attempt was made here to quantify the velopharyngeal morphology using a TSQ value.
METHOD

Subjects and Speech Material
Sixteen native German speakers (seven female and nine male) of average age 26.8 years (range 24 to 33 years), with no orofacial disorders, participated in this study. Two different vowel-consonant-vowel (VCV) sequences containing low vowel and labial consonant combinations were chosen: /afa/ and /apa/. The fricative /f/ and the plosive /p/ consonants facilitate complete velopharyngeal closure, and the vowel /a/ allows endoscopic examination transorally with minimal interference to oral structures. The subjects were asked to produce five repetitions with individual speech loudness (ISL) (i.e., comfortable loudness level) and five repetitions with high speech loudness (HSL) to compare the time-dependent course of movement and coordination of the velopharyngeal components with respect to articulatory efforts. They were instructed to articulate approximately one item per second, with intermediate breathing between the utterances in order to reach the velar rest position and to determine the velar descent in the analysis.
Measurement
Velopharyngeal sphincter function was examined with the aid of electromagnetic articulography and simultaneous video endoscopy as described in detail by Engelke et al. (1996a) and Poppelreuter (1997) . Figure 1 shows the setup and data flow of the measurement system. The EMA works on the basis of alternating magnetic fields that fit on the head of a speaker. The fields induce alternating voltages in a number of small transducers that are attached to articulators in the midsagittal plane inside the vocal tract. These transducers are connected to receiver electronics for which output voltages are processed to yield measures of transducer locations as a function of time (Perkell et al., 1992) . Articulatory movements were recorded with the Carstens Articulograph AG 100 system (Carstens, Bovender, Germany) using a transducer of dimensions 3.2 ϫ 1.6 ϫ 1.1 mm 3 and 23 mg weight. The velar transducer was placed in the midsagittal plane on the oral surface of the soft palate and was fixed with an atraumatic suture under local anesthetic at the anterior margin of the velum directly superior to the uvula. One sensor was fixed with tissue adhesive (Histoacryl B. Braun, Melsungen, Germany) directly superior to the middle upper incisors and served as a reference for offline reduction of artifacts (Engelke et al., 1996a) . Two transducers were fixed to the tongue and one inferior to the middle lower incisors to record the tongue and the lower jaw movements for a different study. At the beginning of the examination, two additional transducers, mounted on an acrylic bite plate, were used for determining the occlusal plane to specify a reference coordinate system. Video-endoscopic images were obtained with a Storz Hopkins 7200 C rigid 70Њ side-view endoscope (Karl Storz, Tuttlingen, Germany) coupled to a Storz Endovideo 487 B xenon light source (Karl Storz) and a Kappa CCF 11/2 CCD videocamera (Kappa, Gleichen, Germany). Video signals were recorded using a Panasonic AG 7350 SVHS video recorder (Panasonic, Osaka, Japan) with a 25-Hz video standard sample rate. For the transoral examination of the VPS, the rigid endoscope was aligned parallel to the Frankfurt horizontal plane with the endoscope tip placed in the mesopharynx in a midsagittal vertical position below the sphincter isthmus. In order to keep this position during the examination, the tube was manually held in steady contact with the upper incisors ( Fig.  1 ). Thus, a minimum of interference with the articulators during speech was realized. The optimum positioning of the endoscope tip was continuously controlled on a Panasonic TC 1470 Y video monitor.
Uncertainty of Measurement
The uncertainty of measurement of the Carstens AG 100 system was evaluated by Engelke and Hoch (1994) . Under worst-case conditions, a maximum error of 1.8 mm vertically and 0.6 mm horizontally was calculated for a 10-mm relative movement.
The perspective and optical distortion of the video-endoscopic system were examined by two methods. To estimate the VP opening area, the endoscope was calibrated using a 100 ϫ 100-mm sheet with a 1-mm grid (Engelke and Hoch, 1994) . The endoscope was moved orthogonally to the reference sheet within a distance of 10--40 mm. The relation between the distance and the displayed size of the grid distances is plotted in Figure 2 . For a distance of 20 mm from the endoscope tip to the grid plane, 8.4 pixels represent 1 mm. Consequently, a 5-mm variation in object distances results in Ϯ20% error in the 10 ϫ 10 mm central area (Fig. 2) . The system of lenses caused additional optical distortion typical for a wide-angle objective. The endoscope was calibrated using a second sheet with a 5-mm grid (Poppelreuter, 1997) . It was recorded at a distance of 16 mm, and the intervals of the grid were measured on the computer monitor. Compared with the central interval of the grid, the intervals in the peripheral area showed an error of 16% in the sagittal and 20% in the transverse direction (Fig.  3 ).
Data Processing
The recorded electromagnetic digital values were converted as described by Engelke et al. (1996b) . Coordinates were transformed with respect to the measured bite plane of each subject. The sensor at the upper jaw was used to minimize artifacts caused by movement of the subject.
The video data were digitized with a Cheops Giseh black and white Frame-Grabber card (Cheops-Elecktronik, Geretsried, Germany). For the data analysis, a resolution of 240 ϫ 240 pixel and a 16-level gray-scale was chosen.
Data Analysis
Velar movements were analyzed and compared with preceding EMA investigations, with special regard to influences of the transoral endoscope. In the EMA data, the maximum elevation (MAM ϭ maximum articulatory movement) and the direction of velar movement (DAM ϭ direction of articulatory movement) were examined, taking the initial rest position of the velum as the origin of movements. This rest position was measured at the beginning of every VCV sequence because the velum showed an incomplete descent due to a velopharyngeal movement economy during the subsequent breaks for breathing. Regardless of the following quantitative data analysis, the velopharyngeal closure patterns were judged clinically and assigned to one of four types corresponding to the classification of Skolnick et al. (1973) and Croft et al. (1981) (Fig. 4) .
The central task of this investigation was the measurement of digitized video-endoscopic pictures of the velopharyngeal sphincter with a computer technique according to the standardization of Golding-Kushner et al. (1990) . The transverse and sagittal diameters were marked interactively in a frameby-frame analysis, and a transverse to sagittal quotient (TSQ) was determined for every phase of articulation. For each subject and VCV sequence, about 300 single frames had to be analyzed because of the standard sampling rate of 25 Hz of the videosystem. Figure 5a through 5d shows different stages of a closure sequence with white marks for the points of measurement. The results of the video analysis and the EMA plots were assembled in EVD (electromagnetic-video-endoscopic diagnosis) plots and used for the pseudo-three-dimensional analysis of the velopharyngeal function during speech.
RESULTS
Quantitative Results of Velar Movements with EMA
The velar amplitudes depend on the amount of elevatory movement during vowel and oral consonant production (upper turn point) and velar descent during articulatory pauses (rest position). Tables 1 and 2 show mean values and standard deviations (in brackets) of the maximum elevation of the velum for ISL and HSL. Under HSL conditions, velar elevation was higher in nine and smaller in three subjects compared with ISL conditions; four subjects showed no differences.
The direction of velar activity in the midsagittal plane was not influenced by dynamic factors. The angle between the bite plane, which served as the reference, and the velar main vector ranged from 40.0 to 49.9Њ.
Transverse Sagittal Quotient
After the measurement of transverse and sagittal diameters of the VPP, a ratio of transverse to sagittal opening (transverse sagittal quotient, TSQ) was calculated for every frame as TSQ ϭ transverse diameter/sagittal diameter. The time series plots in Figure 6 show an example of these results. The shape of the TSQ curves yields information on sphincter morphology and on changes in this morphology during articulation.
There are three different periods in the TSQ curve: the opening, the intermediate, and the terminal closure periods. During the intermediate period, there are only small variations in the ratio of transverse to sagittal diameter. Therefore, an almost constant TSQ base value can be read from the plots (Fig. 6 ). In the terminal closure period for most individuals, the TSQ shows an increasing or decreasing amplitude with regard to this TSQ base value (e.g., in Fig. 6 ). In the case of an increase, the TSQ indicates a change or intensification toward a coronal closure pattern; for constancy or a decrease, the TSQ characterizes a confirmation or change toward a circular or even a sagittal closure pattern.
Terminal Sphincter Deformation
Of particular interest is the period close to the complete velopharyngeal seal, the terminal closure period. During this phase of closure, some conspicuous changes were found in the TSQ curves, mainly produced by the terminal sphincter deformation (TSD) (Poppelreuter, 1997) .
Sphincter deformation means variations in the contribution of the different structures taking part in the velopharyngeal closure. The closure mechanism could be dominated either by the velar or the lateral pharyngeal wall component. In each case, the predominant structure displaces the other component, which may result in terminal deformation of the geometry. In the terminal closure period, a stronger velar pressure on the posterior pharyngeal wall, a velar slip up or down the posterior pharyngeal wall, or changes in the contour of the velum and the lateral pharyngeal walls could be observed.
Eleven of the sixteen subjects showed a sphincter deformation of this type. In most of the cases, an increasing closure was caused by a bulge of the uvula or possibly by the contraction of the musculus uvulae. A clear medial movement of the lateral pharyngeal walls or a velar slip up the posterior pharyngeal wall were found as further types of deformation in the terminal closure period. In two cases, a remarkable additional sphincter contraction was observed following an already sufficient velopharyngeal closure. Although the velopharyn- geal sphincter was already closed, further movement of the velum or of the lateral pharyngeal walls appeared, which suggests additional muscular activity (overcompensation).
A large increase of the TSQ in the terminal closure phase was observed in five subjects (AN, FL, KL, MB, TS). Four of them showed a clear coronal sphincter morphology in the clinical examinations and the fifth showed a sagittal closure pattern. A smaller increase of the TSQ occurred in five other subjects (OO, OW, TR, AZ, EW). Clinically, three of them showed a coronal and two a circular sphincter morphology. In four subjects (LK, LN, OK, UE), the TSQ in the terminal period remained almost on a constant level (TSQ base value). In the clinical examinations, a clear circular closure pattern was observed in three subjects and the fourth showed a coronal sphincter morphology with a tendency to the circular morphology at terminal closure. The TSQ of two subjects (HA, NN) decreased in the terminal closure period; they showed a coronal sphincter morphology with a marked medial movement of the lateral pharyngeal walls.
Determination of Sphincter Morphology with TSQ and TSD
The sphincter morphology was determined objectively with the TSQ base value for both ISL and HSL. Thus, a quantitative definition of the closure pattern was realized. In accordance with the clinical examinations and in comparison with the vid- FIGURE 7 Because of the regular contribution of the transverse and sagittal velopharyngeal components, the subject OK exhibits a circular closure pattern although an oval shaped sphincter geometry is evident.
eo-endoscopic pictures, a TSQ base value lower than 3.5 indicates a circular sphincter morphology and a TSQ base value higher than 4.0 indicates a coronal morphology. A certain transitional phase is found between 3.5 and 4.0, and in these cases, the TSD could be used for determination of sphincter geometry as described in the section about the transverse sagittal quotient. The theoretically predicted TSQ value of 1.0 for a circular closure pattern was not found in any subject. In other words, an oval shape of the velar port dominates, depending on the anatomical configuration, as shown in Figure 7 . The clinically observed closure patterns were in good agreement with the sphincter morphologies determined by this new method. Identical sphincter morphology was revealed in 10 subjects; agreement in part was detected in four subjects. In two subjects alone, the TSQ and TSD could not confirm the clinical observations-one of those demonstrated the rare sagittal closure pattern.
EXAMPLES
In the next two examples, the EVD (electromagnetic-videoendoscopic diagnosis) plots of a female and a male subject are described with regard to the correlation between EMA and video-endoscopic analysis.
The EVD plots (Figs. 8 and 9) show the time-dependent diagrams of (1) the acoustic signal; (2) the value of the horizontal and vertical coordinate of the velum position in the midsagittal plane, where x(t) ϭ horizontal direction of velar activity parallel to the occlusal bite plane and y(t) ϭ vertical direction of velar activity perpendicular to the occlusal bite plane; (3) the amplitude of midsagittal velar velocity; (4) the transverse and sagittal diameters of the VPS; and (5) the TSQ value.
Example I
The first example (Fig. 8) is of female subject AZ (Fig. 5a  through 5d ) illustrates the VCV sequence /afa/ under ISL and HSL conditions. For each of the utterances, the elevatory and descending movements (x-and y-coordinates) corresponding
to the acoustic signals demonstrate reproducible morphology. The velocity versus time diagrams regularly display a maximum of velocity during velar descent.
Under ISL and HSL conditions, the velopharyngeal sphincter could be examined continuously during the closure phase due to a remaining gap (Fig. 5d) . The velopharyngeal opening decreased in a regular manner and the opening gesture occurred in only a few frames. Due to the limited viewing angle of the endoscope tip, no diameters could be measured during wide velopharyngeal opening. Under HSL conditions, the sphincter did not open as wide as in ISL, and so only short interruptions during the opening phase are seen in the diagram (Fig. 8 , AZ /afa/ HSL sphincter diameter). The same behavior was found in the EMA velum position, where the velum did not reach the rest positions between the utterances. The TSQ under ISL ranges from 2 to 6 and under HSL from 2 to 10.5. In the intermediate closure phase, the TSQ base value is 3.4 under ISL, indicating a circular sphincter morphology, and 4.7 under HSL, indicating a coronal morphology. In the terminal closure period, a large increase of TSQ was observed regularly in every utterance and was caused by a main contribution of the velum to the closure mechanism. Thus, a coronal closure pattern finally occurred that confirms the clinical observation.
Example II
The second example is of a male subject (OW) and illustrates the same VCV sequence /afa/ under ISL and HSL conditions (Fig. 9) . In contrast to the previous case, the sphincter diameters do not show such a continuous course. No diameter could be measured during wide opening and during terminal closure due to the complete seal of VPS. In this phase, the EMA analysis with its high temporal resolution gives further information about the velar activity. The x(t) and y(t) curves show small perturbations in their minimum and maximum positions, respectively. These findings indicate that there are some velar activities, although a complete velopharyngeal seal is already achieved. This phenomenon is described as the ter- minal sphincter deformation (TSD). The TSQ base value of 3.3 for ISL and HSL conditions could be read clearly from the TSQ diagrams and indicates a circular sphincter morphology for the intermediate closure period. In the terminal closure phase, a large increase of TSQ was observed because of a dominating movement of the velum in the sagittal direction toward the posterior pharyngeal wall. This indicates that a change from circular to coronal sphincter morphology occurred in the terminal phase of closure.
DISCUSSION
This study was performed to assess the value of the simultaneous video-endoscopic-articulographic technique for quantitative analysis of velopharyngeal sphincter function and to detect variations in closure patterns with time. EMA has been shown to be a valuable tool in the diagnosis of velopharyngeal function (Engelke and Schoenle, 1991; Engelke et al., 1996b) . The velum in particular is suited to analysis by EMA due to the limitation of velar movement in a sagittal vertical direction.
Nasopharyngoscopy, recommended for sphincter diagnosis by Golding-Kushner et al. (1990) , was not used in this experiment because an a priori head-on position could not be expected. Therefore, shortcomings of the transoral technique, such as interference with articulation and limitation of the speech material, had to be accepted. On the other hand, Pigott and Makepeace (1982, p. 24) emphasized the ''optimal angle of view and the markedly superior image brightness'' of rigid endoscopes, which were convincing arguments for the chosen setup.
In the experiment, special care was taken to keep the distance of the endoscope tip to the velopharyngeal closure plane constant. The influence of an oblique view was minimized in the transverse direction by using anatomical landmarks, while in the sagittal direction, an error of up to 20Њ in the tilt of the endoscope is possible. The size of oropharyngeal structures (large tongue body or tonsils) or an existing gag reflex may interfere with ideal endoscope placement. The vertical en face view was controlled simultaneously via the video monitor. The influence of the perspective distortion due to varying distances between endoscope tip and VPP within the group of subjects was eliminated by the use of the quotient (TSQ). Endoscopic images used for detection of velopharyngeal function are prone to distortion. The wide-angle distortion of the lens system in the peripheral area of about 16% in the sagittal and 20% in the transverse direction are negligible in the central area of the terminal closure period. Nevertheless, further investigations should include a distortion correction algorithm like those developed by Vakil et al. (1994) for examinations in gastroenterology.
Previous attempts to investigate variations in velar positioning with time using field-by-field analysis of video endoscopy have been described by Karnell et al. (1988) and Angerstein et al. (1994) , but quantification of velar articulatory movements was not realized. Although absolute measurement of size in endoscopic frames is still not possible, the presented transverse sagittal quotient represents the first relative quantification of sphincter morphology with time.
The combination of the two methods, EMA and video endoscopy, is suitable for detecting changes in the contribution of the different components of the velopharyngeal sphincter with time. The EVD plots show that the features in the EMA measurement are consistent with the video-endoscopic measurement. Furthermore, the EMA with its high temporal resolution of 500 Hz is a complementary method to the videoendoscopic recordings with their limited temporal resolution of 25 Hz. The simultaneous use of EMA and video endoscopy provides a pseudo-three-dimensional description of the VPS.
Maximum articulatory movement (MAM) and direction of articulatory movement (DAM) in the EMA analysis found in this study show good agreement with previous examinations without endoscopy (Meyer, 1991; Engelke et al., 1996b) . Thus, it can be concluded that velopharyngeal function was not significantly influenced by the transoral technique. Nevertheless, the restriction of speech material is evident. The chosen VCV sequences /afa/ and /apa/ containing the labial consonants /f/ and /p/ facilitated a complete velopharyngeal closure, and the vowel /a/ allowed endoscopic examination with a minimum of interference to oral structures.
The velopharyngeal closure pattern represents a description of a static condition of the VPS in the terminal closure phase. Changes in contribution of the sphincter components with time were disregarded. Determination of velopharyngeal closure patterns is also problematic because it involves nonquantitative definition, which leads to different (subjective) categorization by different investigators. A wide transitional zone exists between the circular and coronal closure pattern. Finkelstein et al. (1993) tried to close this gap with their categorization on the basis of the percentage rating method of Golding-Kushner et al. (1990) . In a later study, Finkelstein et al. (1995) measured the transverse and anteroposterior diameter of axial CT sections only to compare and correlate morphologic features of the velopharyngeal valve with its closure pattern. These first attempts to quantify the sphincter morphology did not result in an objective correlation with the closure patterns. Thus, no comparison with this study is possible. Sader et al. (1994) examined cleft palate patients using high-frequency video cineradiography. They placed standardized metallic markers in the patients' ears for later objective analysis, but a quantification of the velopharyngeal closure pattern was not described. In the present study, the transverse sagittal quotient of the video-endoscopic measurement provides a correlation with the morphologic features of the VPS. The continuous measurement of the sphincter diameters makes it possible to correlate the present closure pattern and changes of the pattern with time. The TSQ base value describes the sphincter geometry during the intermediate phase when the velopharyngeal port prepares for closure. Determination of closure patterns with the TSQ base value means that velopharyngeal anatomy is responsible for the sphincter morphology, as Finkelstein et al. (1993) also suggested. Therefore, the TSQ base value is an indicator of the anatomical sphincter proportions. However, in the terminal closure period, this proportion will either be confirmed or changed, which will then be evident in the TSQ curves (Poppelreuter, 1997) .
The changes in the TSQ curves are primarily caused by the terminal sphincter deformation. In fact, the TSD in some cases yields evidence that the sphincter morphology also depends on speech dynamics and therefore on functional aspects of the muscular system. These findings are consistent with the findings of Skolnick et al. (1973) , Croft et al. (1981) , and Moon et al. (1994) . Moreover, in the case of complete closure, the TSD indicates a redundant closure activity of VPS, e.g., in subjects FL and LN. Thus, the sphincter deformation must not be interpreted as a pathological phenomenon but as an expression of sufficient velopharyngeal closure (Poppelreuter, 1997) .
The combined method of EMA and video endoscopy for a quasi--three dimensional examination provides a better understanding of the physiological and pathological mechanism of the VPS. This technique can be used for patients with VPI, cleft palate, obstructive sleep apnea syndrome, or carcinoma. The measurement of velopharyngeal diameters leads to a quantitative evaluation of the VPS, remaining gaps, or obstructions with time. Simultaneously, the EMA shows limitations of velar movement in the sagittal and vertical direction. In comparison with the analysis results of healthy subjects, diagnosis as well as treatment and therapy results can be judged objectively. Measurement of the sagittal and transverse opening of the VPP can also be applied to images from nasopharyngoscopy, which is one of the most frequently used methods in velopharyngeal diagnosis (Hirschberg, 1986) . Therefore, quantification of sphincter morphology and an objective evaluation of VPI is possible within routine examinations.
In conclusion, EMA and video endoscopy have been demonstrated to be complementary methods for investigation of velopharyngeal function. EMA signals and measurements from video fields change in a similar way with time. A transverse sagittal quotient was defined, with an intent to correlate it with morphological features of the velopharyngeal sphincter. In fact, quantification was achieved with the TSQ base value, which served as an indicator of closure pattern. In the terminal closure period, changes in the contribution of the structures participating in the valving mechanism were verified as the terminal sphincter deformation. Finally, TSD shows the change or confirms the trend in the closure pattern. These findings lead to the conclusion that the velopharyngeal closure pattern should not only be regarded as a description of a static condition but rather as a description of the dynamic sphincter morphology depending on time and functional parameters.
